Viral hemorrhagic fevers (VHF) caused by the arenaviruses Lassa virus (LASV) in Africa and Machupo (MACV),
Guanarito (GTOV), Junin (JUNV), and Sabia virus (SABV) in South America are among the most devastating emerging human diseases with fatality rates of 15 to 35% and a limited antiviral therapeutic repertoire available. Here we used highthroughput screening of synthetic combinatorial small molecule libraries to identify inhibitors of arenavirus infection using pseudotyped virion particles bearing the glycoproteins (GPs) of highly pathogenic arenaviruses. Our screening efforts resulted in the discovery of a series of novel small molecule inhibitors of viral entry that are highly active against both Old World and New World hemorrhagic arenaviruses.
We observed potent inhibition of infection of human and primate cells with live hemorrhagic arenaviruses (IC 50 = 500-800 nM). Investigations of the mechanism of action revealed that the candidate compounds efficiently block pH-dependent fusion by the arenavirus GPs (IC 50 of 200-350 nM). While our lead compounds were potent a g a i n s t phylogenetically distant arenaviruses, they did not show activity against other enveloped viruses with class I viral fusion proteins, indicating specificity for arenavirus GP-mediated membrane fusion.
Several arenaviruses, including the Old World virus Lassa virus (LASV) and the New World arenaviruses Junin (JUNV), Guanarito (GTOV), and Machupo (MACV), cause severe viral hemorrhagic fevers (VHF) in humans and represent a serious public health problem (1) . LASV is estimated to infect several hundred thousand individuals yearly in endemic regions of West Africa, resulting in significant mortality and high morbidity (2) . There is no licensed vaccine available and therapeutic options are restricted, resulting in 15-30% mortality in hospitalized Lassa fever patients. The New World arenavirus JUNV causes Argentine hemorrhagic fever (AHF), a severe illness with hemorrhagic and neurological manifestations and a case fatality rate of 15-35% (3) . The related MACV and GTOV are the causative agents of severe VHF in Bolivia and Venezuela, respectively (4) . Due to their high mortality and the limited therapeutic repertoire available, hemorrhagic arenaviruses have been classified as Category A pathogens by the Centers for Disease Control and Prevention (5) . Apart from the severe humanitarian burden in endemic regions, increased international air traffic has also led to the importation of arenaviral VHF cases into metropolitan areas around the globe (6, 7) .
A hallmark of fatal arenavirus VHF cases is marked immunosuppression of the host and consequent uncontrolled fatal infection (1) . Those who survive develop a vigorous anti-viral immune response during the second week of disease, control the infection, and ultimately clear the virus. A highly predictive factor for disease outcome is the extent of viremia, indicating a close competition between viral spread and replication and the patient's immune system (2) . Drugs targeting viral entry will slow viral spread and replication providing the patient's immune system a window of opportunity to develop anti-viral immune responses.
A notable difference between LASV and the pathogenic New World arenaviruses is their use of distinct primary cellular receptors, with LASV employing α -dystroglycan (α -DG) (8) and JUNV, MACV, GTOV, and SABV using transferrin receptor 1 (TfR1) (9) . Receptor binding and entry of arenaviruses are mediated by the viral envelope glycoprotein (GP). Arenavirus GP is synthesized as a single polypeptide that undergoes posttranslational processing to yield the mature virion glycoproteins GP1 and GP2. GP1 is involved in receptor binding (10), while GP2 is similar to the fusion-active portions of other enveloped viruses including retroviruses, paramyxoviruses, and filoviruses (11) .
Our present study applied a novel cell-based high-throughput screening assay of synthetic small molecule libraries to identify inhibitors of arenavirus infection using arenavirus GP as a target. Our screening efforts resulted in the discovery of a series of novel small inhibitors of viral entry that are highly effective against both Old World and New World hemorrhagic arenaviruses.
Experimental Procedures
Chemical libraries. The combinatorial chemical libraries were generated by parallel synthesis utilizing solution-phase synthetic techniques as described (12) (13) (14) (15) (16) (17) (18) (19) 
GP-mediated cell-cell fusion.
A cell-cell fusion reporter assay (22) was used to characterize the ability of candidate compounds to block pH-dependent cell-cell fusion mediated by the GPs of LASV and JUNV. Briefly, Vero cells infected with vTF7-3 and expressing the envelope glycoprotein were co-cultured with reporter cells infected with vCB21R-lacZ, a recombinant vaccinia virus expressing β-galactosidase under the control of the T7 promoter. The reporter cells were obtained by incubating VeroE6 cells with vCB21R-lacZ at a multiplicity of 2 and allowing the infection to proceed overnight in the presence of 100 µg/ml rifampicin. The GPexpressing cells and reporter cells were cocultured in medium containing both araC and rifampicin for 5 h. Candidate drugs at the indicated concentrations were added for 45 minutes, cells washed and then subjected to a 30-min pulse of neutral or acidic (pH 5.0) medium. Beta-Galactosidase expression is induced upon fusion of the effector and reporter cells and was detected in cell lysates after 5 h of continued cultivation at neutral pH using the chemiluminescent substrate GalactoLite Plus (Tropix). Cellcell fusion was quantified using a Tropix at isrec bibliotheque on May 17, 2008 www.jbc.org Downloaded from TR717 microplate luminometer. Solid phase virus binding assay. L A S V (Josiah), produced and inactivated by gamma-irradiation (23), was pre-incubated with the candidate compounds at 50 µM for one hour and then added to α -D G immobilized in microtiter plates. After two hours, wells were washed and bound virus detected by ELISA (24) . Flow cytometry. A549 cells were incubated with the candidate compounds at 50 µM for one hour at 37ºC, 5% CO 2 . Cells were then chilled on ice, detached with enzyme-free cell dissociation, and cell surface expression of α-DG and TfR1 was assessed by flow cytometry (9, 20) .
RESULTS

High-throughput screening of combinatorial chemical libraries for inhibitors of LASV entry.
In our search for arenavirus entry inhibitors, we initially focused on LASV, which is the most prevalent human pathogen among the arenaviruses. Since LASV is a BSL4 pathogen, work with the virus is restricted. To perform high-throughput screening (HTS) under BSL2 conditions, we generated recombinant retroviruses containing the glycoprotein (GP) of LASV in their envelope by pseudotyping (Fig. 1A) . Since the GP of arenaviruses is necessary and sufficient for receptor binding and entry, recombinant retroviruses pseudotyped with arenavirus GPs represent powerful tools to screen for viral entry inhibitors. The chemical libraries were generated by the parallel synthesis of individual compounds or small mixtures in a format compatible with our screening objective. Candidate compounds derived from these libraries were synthesized using established chemical methods, are chemically stable, and generally have potential drug-like qualities (12) (13) (14) (15) (16) (17) (18) (19) . HTS of >80,000 compounds, including iminodiacetic acid-and pyrrolidine-based peptidomimetics as well as heterocyclic compounds, resulted in identification of 157 compounds or mixtures with an IC 50 of <50 µM. The hits tended to appear in clusters corresponding to groups of structurally related compounds (Fig. 1B) . Compound concentrations causing 50% cytotoxicity (CC 50 ) was determined and candidates with a selectivity index (SI = CC 50 /IC 50 ) of >10 selected.
To assess target specificity, the 125 selected candidates were subjected to a counterscreen using retroviral pseudotypes containing the GP of the rhabdovirus vesicular stomatitis virus (VSV). VSVGP recognizes distinct cellular receptors (8) and differs structurally from arenavirus GPs, belonging to a different class of viral fusion active proteins (25) . Thus, inhibition of VSV pseudotype infection indicated unwanted off-target effects. As both arenaviruses and VSV enter cells by endocytosis followed by pH-dependent membrane fusion in endosomes (26, 27) , our counter screen also allowed exclusion of drug effects that resulted in perturbation of membrane trafficking or depletion of endosomal proton gradients. Based on this counter screen, 32 single compounds and 53 compound mixtures were identified that specifically blocked LASVGP-mediated infection, and had no effect on infection with VSV pseudotypes.
Nine out of the 32 specific single compounds were selected by criteria of potency, chemical tractability, and drug-like properties. These candidates showed dosedependent inhibition of LASV pseudotype infection at low micromolar IC 50 values with IC 50 <1 µM for compounds 16G8, 17C8, and 17C9 ( Fig. 2A, B; Supplementary Fig. S1 ). Moreover, these candidates showed similar activity and specificity in several human and primate cell lines, indicating independence of the anti-viral activity from the cell type (Fig. 2C) .
Broad activity of candidate compounds against human pathogenic arenaviruses. The South American hemorrhagic fever (HF) viruses JUNV, GTOV, and MACV are genetically and structurally distinct from the Old World arenavirus LASV and show different receptor usage. Despite these differences, most compounds identified by screening with LASV pseudotypes showed significant activity against pseudotypes of the South American HF viruses (Fig. 3) . In particular, compounds 16G8, 17C8, and 17C9 were potent against the South American HF viruses, indicating broad activity against the major human pathogenic arenaviruses.
The most potent lead compounds 8C1, 16G8, and 17C8 were then tested against LASV, JUNV, and MACV in BSL4 facilities at the Centers for Disease Control and Prevention. The results revealed activity profiles of the compounds similar to those observed with the corresponding retroviral pseudotypes (Fig. 4) . Compound 8C1 exhibited greater activity against LASV than the South American HF viruses, and compound 17C8 showed the most potent activity against all viruses.
Candidate compounds block pHdependent membrane fusion mediated by arenavirus GPs. Arenavirus entry involves binding to cell-surface receptors, endocytosis and delivery to the endosome followed by pH-dependent membrane fusion. Our candidate compounds may interfere with any of these steps or a combination thereof.
To distinguish between these possibilities, we addressed the impact of the candidate compounds on the virus-receptor interaction. The compounds had no effect on LASV binding to α-DG as assessed in a solid-phase receptor-binding assay (data not shown). Further, incubation of cells with >20-fold IC 50 of the compounds did not significantly affect cell surface expression of the known cellular receptors for LASV and the South American HF viruses, α-DG and TfR1, respectively (data not shown), excluding down-regulation of the cellular receptor as a mechanism of inhibition. Next, we investigated drug effects on endocytotic pathways implicated in arenavirus entry, clathrin-mediated endocytosis proposed for JUNV (28,29) and cholesterol-dependent endocytotic pathways implicated in LASV entry (28). Using wellestablished cell biological assays for clathrin-mediated and cholesterol-dependent lipid-raft-mediated endocytosis utilizing transferrin and cholera toxin B as markers, we found no inhibitory effect of our compounds at 20-fold IC 50 ( Supplementary  Fig. S2 ). Together, our data suggest that perturbation of virus-receptor binding or subsequent endocytotic uptake by our candidate compounds is unlikely, but that they rather target a step beyond attachment and internalization.
Upon internalization by endocytosis, arenaviruses are delivered to endosomes, where the viruses enter the cytoplasm by pH-induced GP-mediated fusion of the viral and endosomal membranes (26, 30) . To determine the effect of the compounds 8C1 and 17C8 on arenavirus GP-mediated membrane fusion, we used a cellular fusion reporter assay (22) . Briefly, permissive cells expressing arenavirus GPs and T7 RNA polymerase were co-cultured with cells expressing β-galactosidase under control of the T7 promoter for 5 hours. Candidate drugs were added for 45 minutes, cells washed and then exposed to a 30-minute pulse of neutral or low pH (5.0) medium. Cell-cell fusion mediated by the arenavirus GP upon acidification resulted in expression of the β-galactosidase reporter measured by chemiluminescence. As shown in Fig. 5 , compound 8C1 efficiently blocked LASVGP-mediated cell-cell fusion in a dose-dependent manner and displayed only weak inhibition of JUNV GP, consistent with its activity with the respective viruses (Fig. 4) . In contrast, but similarly consistent at isrec bibliotheque on May 17, 2008 www.jbc.org
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with the results obtained with virus infection, 17C8 efficiently blocked cell-cell fusion mediated by both viral GPs. The potent activity of our candidate compounds in the cell-based GP fusion assay (IC 50 = 200-350 nM) indicates that inhibition of pHdependent membrane fusion is a major mechanism of their anti-viral activity.
The lead compounds 16G8 and 17C8 show broad activity against arenaviruses but not other RNA viruses containing class I fusion proteins. While the pathogenic Clade B New World arenaviruses JUNV, MACV, GTOV, and Sabia (SABV) utilize TfR1 as a receptor (9), the non-pathogenic Clade B virus Tacaribe virus (TACV) and the recently emerged North American arenavirus Whitewater Arroyo virus (WWAV) infect cells independent of TfR1 and α-DG (31,32), indicating a complex pattern of receptor use within the New World arenaviruses. To test the activity of our lead compounds 16G8 and 17C8 against TACV and WWAV, we generated retroviral pseudotypes using the GPs derived from these viruses as recently described (31, 32) . Similar to our findings with pseudotypes of LASV, JUNV, MACV, and GTOV, the compounds 16G8 and 17C8 efficiently blocked infection of cells with WWAV and TACV pseudotypes (Fig. 6) , indicating a remarkably broad activity within the arenavirus family independent of receptor use.
Since recent molecular modeling and biochemical studies revealed similarities between arenavirus GP2 and class I viral fusion proteins of other enveloped viruses including retroviruses, orthomyxoviruses, paramyxoviruses, and filoviruses (11), we addressed the activity of our lead compounds 16G8 and 17C8 against recombinant Amphotropic murine retrovirus, retroviral pseudotypes bearing the GP of the filovirus Ebola virus Zaire, a recombinant paramyxovirus measles virus (Edmonston strain) containing a GFP reporter gene, and the orthomyxovirus influenza virus (strain WSN). In contrast to efficient blocking of entry of arenaviruses, our lead compounds had no significant effect on any of the other viruses tested (Fig.  6) , indicating specific inhibition of arenavirus GP-mediated membrane fusion.
DISCUSSION
In the present study, we used HTS of combinatorial small molecule libraries to identify inhibitors of arenavirus infection. Our screening efforts resulted in the discovery of a series of novel small inhibitors of viral entry that are remarkably effective against both Old World and New World hemorrhagic arenaviruses. Inhibition of virus infection is potent (IC 50 = 500-800 nM), and our initial studies pinpoint blockage of pH-dependent fusion by the arenaviral GPs as a mechanism of antiviral activity (IC 50 of 200-350 nM). Our most potent lead compounds show broad antiviral activity within the arenavirus family and efficiently block entry of the major human pathogenic arenaviruses.
In recent years, entry inhibitors have emerged as a new class of anti-viral drugs, with the HIV fusion-blocking peptide enfuvirtide being the first available fusion inhibitor applied for clinical treatment of a viral infection in humans (33) . Several nonpeptidic entry inhibitors against HIV and paramyxoviruses are currently in development (33) (34) (35) (36) . Using a novel approach combining HTS of combinatorial chemical libraries with a pseudotype-based cellular assay of viral entry, we have discovered two classes of small molecule lead compounds that are potent inhibitors of infection with human pathogenic arenaviruses in cell culture. The most potent of these compounds, 16G8 and 17C8, emerged from a sub-library that has attractive drug-like characteristics. Examination of the entire library that at isrec bibliotheque on May 17, 2008 www.jbc.org Downloaded from contains 16G8, 17C8, and 17C9 (Fig. 7) reveals a well-defined structure-activity relationship (SAR) profile within the screen as well as clustering of the observed hits. Such consistent trends are representative of a specific interaction between an inhibitor and its protein-based biological target, as demonstrated in earlier studies using combinatorial libraries as sources of inhibitors of protein-protein interactions (12, 18) .
While one of our lead compounds, 8C1, has specificity for LASV entry, our most potent leads, 16G8 and 17C8, showed high activity against both LASV and the more distantly related South American hemorrhagic fever viruses JUNV, MACV, and GTOV, as well as TACV and the recently emerged North American arenavirus WWAV. Considering the genetic distance between the envelope GPs of Old World and New World arenaviruses and their differences in structure, receptor use, and mechanisms of cell entry, this broad inhibition within the arenavirus family is remarkable.
Our initial studies on the mechanism of action utilizing a cell-cell fusion assay indicate that the candidate compounds act at the level of GP-mediated membrane fusion with IC 50 = 200-350 nM (Fig. 5) . Since compounds were washed out prior to the low pH pulse in our assay system, the efficient blocking of GP-mediated membrane fusion suggests that the compounds remain bound to the viral GP.
The current structural model of the arenavirus GP is a trimeric complex with the transmembrane subunit GP2 containing Nand C-heptad repeat sequences that are predicted to fold into a six-helix bundle post-fusion conformation (11) . The presence of these structures in GP2 has recently resulted in the classification of arenavirus GPs among the viral class I fusion proteins (11) . Considering the overall similarity between the fusion cores of class I fusion proteins(37), we tested the activity of our most potent and broadly active leads against a series of prototypic RNA viruses bearing class I fusion proteins. In contrast to the potent neutralization of all arenaviruses tested, our drugs were inactive against amphotropic murine retrovirus, the filovirus Ebola, the paramyxovirus measles virus, and the orthomyxovirus influenza. The broad activity against arenaviruses concommitant with the lack of inhibition of other viral class I fusion proteins suggests the presence of conserved molecular structures and/or interactions in the fusion active GP complex of arenaviruses absent from other related viral GPs. Indeed, recent studies revealed unique mechanistic features of arenavirus GP-mediated membrane fusion. In contrast to other viral GPs, the arenavirus GP precursor contains a stable signal peptide (SSP) of unusual length that is retained as an essential component of the mature GP complex (38) (39) (40) (41) and is crucial for the pHdependent fusion activity of arenavirus GPs (22, 42, 43) .
The specificity of our compounds for arenavirus GP-mediated membrane fusion may allow the use of these molecules as molecular probes to dissect such unusual features of arenavirus fusion.
For drug development, the chemical properties of our initial leads make them amenable to optimization of their potency, solubility, and bioavailability. Small molecule entry inhibitors have a number of properties that allow their application in endemic areas in the developing world. Their chemical stability minimizes logistic problems of transport and storage in the tropical and subtropical climates. The possibility of oral administration is further compatible with a limited public health infrastructure. Based on the broad activity of our lead compounds within the arenavirus family, they are likely active against different genetic variants of a given arenavirus species. This is of great importance as human pathogenic at isrec bibliotheque on May 17, 2008 www.jbc.org Downloaded from arenaviruses show remarkable genetic variability between isolates from different geographic regions (44) .
The establishment of the viral GP as a promising drug target combined with the use of pre-selected libraries of chemically tractable compounds with potential drug-like properties in HTS allows for rapid and biosafe screening of a number of compounds with a high probability to isolate potent leads. Importantly, our screening approach does not require information about the structure of the viral GPs or cellular receptors involved and is applicable for the development of small molecule inhibitors to other enveloped viruses. S1 ). (C) Activity of candidate compounds against LASV pseudotypes (LASV) in different cell lines: Pseudotypes of LASV or VSV were incubated with candidate compounds prior to infection of human epithelial cell lines HeLa and A549 and the primate fibroblast VeroE6. Infection was determined after 48 hours by luciferase assay with luminescence expressed as fold-increase over background (n = 3 + SD). Pseudotype infection was assessed after 48 hours by luciferase reporter assay. To determine infection with recombinant measles virus, GFP-expressing cells were scored, and WSN infection was assessed by immunofluorescence staining for viral NP (for details see Experimental Procedures). Luminescence signals are given as fold-increase over background (n = 3 + SD). For the quantification of measles virus and influenza infection, the total number of infected cell clusters was counted per well (n = 3 + SD). HeLa cells in 96 well-plates. Infection was determined as in Fig. 1 . Luminescence is expressed as fold-increase over background. The samples labeled DMSO (white bars) correspond to solvent only controls. The hits 16G8, 17C8, and 17C9 are indicated.
Analysis of the results indicates that the key elements required for activity include the closely related 2-indole (C7), 2-benzofuran (C8), or 2-benzothiophene (C9) aryl substituent (R 3 ) attached to the piperazinone core. These bicyclic aryl substituents proved more potent than the corresponding 2-pyrrole, 2-furan, 2-thiophene, or phenyl aryl substituents defining a clear pattern of activity. Similarly, although not as widely explored as R 3 in the initial library, the most potent activity was observed with a phenethyl C6 substituent at position R 1 (PhCH 2 CH 2 -> PhCH 2 -> CH 2 CH 3 ), and the nature of the aryl substitutions pattern at N 2 (R 2 ) significantly modulate this activity.
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